Red light treatment of dark-grown 6-day-old barley seedlings (Hordeum vulgare L.) strongly reduces the lag in chlorophyll accumulation in subsequent white light over that found in dark control seedlings placed under white light. Fluence-response studies show that the effect has both very low fluence and low fluence components. Kinetic studies indicate that the reduction in lag begins immediately following either a low fluence or a very low fluence red irradiation, with the initial rate of change significantly lower after the very low fluence treatment and showing sharp far redabsorbing form of phytochrome dependence. In both cases, the effect is maximal after roughly 4 hours, either remaining fairly constant (very low fluence) or declining somewhat (low fluence) thereafter. Saturating far red light alone yields a response equivalent to very low fluence red, and will reverse only the low fluence component of the red response. Escape from far red reversibility occurs gradually over about a 3 hour period. Since the kinetics described here differ from those in the literature related to phytochrome effects on transcription of the mRNA for the light-harvesting chlorophyll a/b-binding protein, we conclude that the phytochrome-regulated component of chlorophyll accumulation is not limited by transcription of the mRNA for its major apoprotein. Leaf segments vacuum-infiltrated with water retain the capacity to green in white light. If they are infiltrated with mannitol solutions of various concentrations, their capacity to green declines sharply at concentrations above 0.2 molar. These results bear on interpretation of run-on transcription experiments with isolated nuclei: preparation of the nuclei involves enzymic digestion of the tissue in the presence of 0.7 molar mannitol for 2.5 hours, to obtain protoplasts prior to breaking the cells. The results here make it unlikely that normal transcriptional regulation is occurring during this procedure.
It is well known that a brief pulse of R4 administered to darkgrown seedlings can eliminate the normal lag period in Chl accumulation encountered when such seedlings are placed for the first time under white light. Virgin (30) find more than weak FR reversibility (30) . More recently, Raven et al. (24) (25) (26) have reported the results of detailed studies with pea seedlings. In pea, R sensitivity covers eight orders of magnitude of R fluence (24) . In agreement with other workers, Raven and Spruit found only weak FR reversibility (26) . The involvement of the plant photoreceptor phytochrome was made plausible largely on the basis of the action spectrum (25) which resembles the absorption spectrum of Pr, the R-absorbing form of phytochrome.
In contrast to the above reports, a recent study (13) reports significant photoreversibility with etiolated peas. There is now considerable evidence that phytochrome can control a wide range of responses both through low fluence (LF, far red-reversible) and very low fluence (VLF, not far red-reversible) responses (7) .
The properties of the greening response to R strongly suggest that phytochrome regulation may occur both through LF and VLF responses. The earlier studies may have chosen conditions under which the VLF response predominated (the kinetics of appearance of the VLF and LF components in pea are not identical [13] ) and hence failed to find more than weak photoreversibility.
Greening involves far more than Chl accumulation, and there is now a large body of evidence that light, acting through phytochrome, regulates the abundance of numerous chloroplast polypeptides and their mRNAs (9, 28) . In several cases, the experiments suggest regulation at the level of transcription (6, 8, 21, 22; see 28) . For barley seedlings (Hordeumn vulgare L.), light regulation of two important chloroplast proteins has been studied at the level of translatable mRNA (1, 2) , mRNA abundance as assessed by dot blot hybridization (4) , and by in vitro transcription by isolated nuclei (21, 22) . These proteins are those of the LHCP and the Pchl-reductase. With respect to the LHCP, phytochrome regulation is positive, with light-induced increases in protein, mRNA abundance, and in specific transcriptional activity of isolated nuclei. The reductase, by contrast, shows negative regulation in all cases. Kinetic studies are available in both cases for mRNA abundance (4) and transcriptional activity following a saturating pulse of red light (21, 22) .
In most cases mentioned above, phytochrome involvement has been inferred from experiments showing induction by a saturating pulse of R and prevention of induction by a saturating pulse of FR that follows immediately. Kaufman et al. (14, 15) , studying the abundance of a number of light-regulated mRNAs in pea seedlings, have done detailed experiments at the level of mRNA abundance (as determined by slot blot hybridization), to investigate fluence-response relationships, far red reversibility (14, 15) , and kinetics for induction by R and also for escape from FR reversibility (16) . For White light, hours fluence that could be administered in Since accumulation of Chl is reported to be tightly linked to accumulation of LHCP (e.g. 3), it was of interest to determine whether the kinetics for potentiation of greening by R treatments in the VLF and LF ra-nge paralleled those for transcriptional activity for LHCP mRNA (22) .
Therefore groups of plants were given fluences in the low VLF range (10 1 -wmol m -2), the high VLF range (10 ,umol m-2), or the LF range (103 ,umol m-2) (Fig. 2) . After different dark periods, the various groups of plants were placed in white light for 4 h before harvest for Chl assay. The results are shown in Figure  3 . In contrast to LHCP mRNA transcription by isolated nuclei, where the initial rates of change are identical for 1.5 h following either saturating R or FR (22) , the initial rate of potentiation of Chi accumulation shows a sharp Pfr dependence. The curves for the various fluences diverge from each other beginning at time zero, and remain well separated for the full 8 h dark period investigated.
The differences in response to the VLF low and VLF high fluences shown in Figure 3 are greater than those shown in the fluence-response curve illustrated in Figure 2 (the same discrepency is seen in the studies of FR reversiblity shown in Fig. 5,  below) . The reason for these differences is not clear, but the values seen in Figures 3 and 5 Since the experiments done by Mosinger et al. (22) were done with 5-d-old shoots rather than on the 6-d-old leaves used here, we repeated measurement of these kinetics on 5-d-old shoots to determine whether the discrepency between greening kinetics and transcription kinetics was based on plant age or reflected intrinsic differences in the ways in which Pfr was regulating transcription of LHCP on the one hand and Chl accumulation on the other. The results for the first 3 h are shown for six different fluences in Figure 4 . The relationships here are very similar to those found with the older leaves (Fig. 3) . Even at the highest VLF irradiation tested (10' ,umol m-2) the initial rate of change differs significantly from that for a fluence in the LF range (103 umol m -2 s -'): the curves diverge significantly by 1 h after irradiation. Note that a fluence-response curve constructed from the 3-h data in Figure 4 will closely resemble that presented in Figure 2 for leaves of older plants measured after a 4 h dark period. A plateau from 10 -1 to 101 ,Mmol m -2 separates the VLF and LF ranges in both cases. The differences in developmental status of the primary leaves between d 5 and 6 is hence not reflected by any significant changes in Pfr-potentiated greening.
FR Reversibility. If the responses obtained here are typical of VLF and LF responses in other systems (7) , the LF response should be reversible by FR, the VLF should not be reversible by FR, and saturating FR alone should produce a response equal to that obtained with a R fluence sufficient to saturate the VLF response. Separate groups of 6-d-old plants were given the VLF or LF doses described above for Figure 3 ( + FR) , or FR, returned to darkness for 4 h, placed in white light for 4 h, and then harvested for Chl assay. The results, shown in Figure 5 , are as predicted: the LF response is largely photoreversible while the VLF is not, and FR alone yields a response equivalent to that obtained with a saturating VLF R fluence.
Escape from FR Reversibility. Mosinger et al. (22) have also examined escape from FR reversibility for the Cab gene product (and the reductase) at the level of in vitro transcription, and it was therefore of interest to investigate the same phenomenon at the level of Chl accumulation. Groups of plants were given a saturating fluence of R (LF) and then returned to darkness for from 0 to 3.5 h before being given FR. Four h after R treatment they were placed in white light for the usual 4 h prior to harvest and Chl assay. The results are shown in Figure 6 . After a lag of about 1.5 h, photoreversibility is gradually lost, with the respon-se approaching that from R alone after 3.5 h. The time course for escape found here is somewhat more rapid than that found for Mosinger et al. (22) for in vitro transcription of LHCP mRNA where reversibility was still complete after 3 h but completely gone after 6 h.
For reasons that are not entirely clear, the amount of photoreversibility obtained in these experiments was somewhat less than that obtained in the initial photoreversibility experiments illustrated in Figure 5 . Since the experiments for Figure 6 were done almost a year after all other experiments, this discrepancy may be related to duration of seed storage. Rapid escape could have occurred in the latter case but not in the former.
Influence of Osmoticum on Greening. A principal aim of this paper is to obtain data on Chl accumulation under various conditions of light treatment for comparison with data for mRNA abundance and transcriptional activity of isolated nuclei with comparable light treatments. The technique for isolating nuclei from barley leaves involves their digestion with cell wall-degrading enzymes for 2.5 h in the presence of 0.7 M mannitol (21) . It was therefore important to know whether R-induced changes could be occurring during this digestion period, or whether normal regulatory processes were suspended by osmotic shock, as suggested by the studies with tobacco protoplasts (10, 11, 29) . Seedlings were given a saturating dose of R (LF) and returned to darkness for 4 h. At the end of the dark period, lots of primary leaf tissue weighing 1 g were quickly harvested and vacuuminfiltrated as described elsewhere (22) either with 10 ml distilled water or various concentrations of mannitol. They were then placed under standard white light conditions for 4 h. The liquid was then removed and the Chl extracted as usual. (Preliminary experiments indicated that inclusion of the digestion enzymes had no effect.)
The results are shown in Figure 7 . Substantial greening occurred in the distilled water controls ( (27) . After 1.5 h. the two curves diverged sharply. Following R (LF), the capacity of the nuclei to yield counts hybridizable to the LHCP mRNA probe continued to increase for an additional 2.5 h before falling to a level well above the dark control. By contrast, following FR (VLF), this capacity begins to decline sharply after 1.5 h, reaching the dark control level by 6 h. Hence, the duration of the effect is Pfr limited though the initial rate of response is not. For Chl accumulation, Pfr does limit the rate of the initial response.
The potentiation of greening in barley by R. like that in pea (13) , shows the partial FR reversibility (Figs. 5 and 6 ) that is to be expected of a phytochrome response with both LF and VLF components. It clear from Figure 3 that after any dark period between 1 and 8 h, prior to the 4 h of greening in white light, some FR reversibility will be detectable. Such is not the case, however, with in vitro transcription of LHCP mRNA where the amount of FR reversibility obtained will depend strongly on when after the light treatment the nuclei were isolated (cf. Fig. 4 . here, and Fig. 1 [22] ). After a 1 h dark period, scarcely any photoreversibility will be detectable, since the response after VLF and LF light treatments is indistinguishable at that time. After a 2 h dark period, the response will appear more than 50% reversible as the LF response continues to climb and the VLF responses decays. After 6 h, the response will be completely reversible by FR as all that remains is an LF component.
An explanation for the discrepancy between the kinetics for change in Chl accumulation and those for LHCP mRNA transcription during the first 1.5 h following R treatment is that some step in the greening process other than LHCP mRNA transcription limits the rate of Chl accumulation during this time period. A possible candidate is the synthesis of 6-aminolevulinic acid, known to limit Chl accumulation (5) . Synthesis of this Chl precursor is known to be under phytochrome control (17, 18) . The difference encountered after longer dark periods is not really a discrepancy in that one would expect the consequences of a VLF response, measured at the level of product accumulation, to persist after a transient VLF transcriptional response itself had decayed.
Proper interpretation of kinetic data obtained from nuclei prepared from protoplasts requires some knowledge of the events which may be occurring during their preparation. The strong inhibition of the greening response by 0.7 M mannitol, described here, makes it unlikely that normal transcriptional regulation is occurring during the treatment with the plasmolysing osmoticum used during the preparation of nuclei.
Experiments investigating both mRNA abundance and transcriptional activity of isolated nuclei, done with plants grown under the conditions used in the present work, and of similar age, are reported in another paper (23) . Further discussion of the levels at which phytochrome regulation of greening per se in barley might occur are therefore deferred to that paper. A companion study to this one (13) , involving greening of etiolated pea seedlings, addresses this same problem. 
